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NUCLEAR MAGNETIC RESONANCE STUDIES IN SOLID ELECTROLYTES

D. Brinkmann

Physik-Institut, University of Zurich, 8001 Zurich

By discussing the representative solid electrolytes RbAgAI " KAg4IS,
LiAlSiO4 (eucryptite), and Li_ N it is demonstrated how NMR studies of re-
laxation, line splitting and shifts, diffusion constants etc. yield infor-
mation on many aspects of the fast ion transport such as diffusion pathways,
hopping times and their activation energies, correlation and dimensionally
restricted diffusion, phase transitions etc.

Introduction

Solid electrolytes or superionic conductors as they are sometimes
termed, are solid state systems whose ionic conductivities approach values
of 102(om)~! that are typical of those found in liquid electrolytes. This
class of new materials has therefore received large attention for its techno-
logical application as solid state batteries, fuel cells, memory devices,
display panels etc.

The liquidlike diffusion accompanied by a low activation energy
(about 0.1 to 0.5 eV) are the features that distinguish solid electrolytes
from "normal" ionic conductors such as NaCl whose ionic conductivity at 200°C
is about 107%(Q2 m)~!. Thus, many researchers in the field consider the super-
ionic state as quantitatively rather than qualitatively different from the
normal state. Nevertheless, the high conductivity of the solid electrolytes
results from properties usually not met with in other solids: a large number
of ions is highly mobile, a network of pathways for the diffusing ions exists,
a large degree of disorder is present, and the many-particle aspect of the
ionic transport is very important. However, a general theory of the fast ionic
transport comprising all superionic solids does not exist at the moment and 1is

not in sight.
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For details on theoretical concepts and experimental techniques that
deal with the basic rather than with the technological aspects of fast ion
transport in solids we refer to the reference list. Ref. [1] to [4] offer
reviews of both experimental techniques and theories, [5] is an introductory
text, [6] and [7] are concerned with current theoretical concepts.Numerous
papers, of course, have appeared in the Proceedings of recent international
conferences on fast ion transport [8-10].

Beside those classical techniques like conductivity and tracer
diffusion measurements, x-ray and neutron experiments, nuclear magnetic reson-
ance (NMR) has participated in the investigation of superionic conductors
right from the beginning of this new research field. These activities are well
documented in several review books and articles [11,5,12,13,14,15]. In this
paper we will review NMR investigations in some representative solid electro-
lytes to demonstrate how NMR is able to provide information on the following
properties: Type of the diffusing ions, discrimination of different types of
motion, hopping rate and activation energy of the diffusing ions, self-dif-
fusion coefficient of the mobile species, dimensionally restricted motion,
collective movements. We will discuss the compounds RbAgaI5’KAg415’ B—LiAlSiOa
(eucryptite), and Li3N.

RbAgl‘I5 and KAgAI

5
The isostructural compounds MAg415 (M = Rb, K, or NHA) represent

model systems for the study of superionic solids since they undergo two suc-

cessive phase transitions at temperatures T,

(around 200 K) and TP (around

1 2

130 K). The transition at Tc occurs within the superionic state of conduction

1
separating the cubic high-temperature a-phase from the rhombohedral medium-
temperature B-phase; the trigonal y-phase is low-conducting [1]. The high con-
ductivity arises at least partly from the fact that the number of Ag sites
exceeds the number of mobile Ag ions: In a—RbAgl'I5 there are 16 ions distri-
buted over 56 sites. With decreasing temperature, the structural phase tran-
sitions are accompanied by an increase of the order in the Ag distribution.

A first question NMR is able to answer concerns the order of the

phase transition. The structural change at TC has been examined by measuring

1
the positions of the central lines of the 87Rb quadrupole splitting (for a

spin 3/2) in RbAgAI5 [16]. Lines which are present in the a-phase vanish in
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the B-phase and are replaced by new lines. If the structural transition were
of second order as has been reported in the literature, a continuous change of
the electric field gradient (EFG) at the Rb sites and thus a continuous
broadening followed by a splitting of these lines should be observed. However,
no such effects were detected, lines just appear and disappear in a reproduc-
ible manner. Thus, the transition at TCl is of first order. This conclusion is
in accord with recent neutron studies [17].

In a similar way the splitting of the 87Rb spectrum may be used as a
probe to explore the temperature-pressure phase diagram. The appearance of a
new line in the spectrum indicates a transition into a phase of lower symmetry.
In this way in RbAg415 a new phase called §-phase was discovered [18] which
exists depending on temperature at pressures beyond 5.7 kbar. This phase 1is
probably low conducting as we will see later.

The main activity of the NMR investigations in RbAg415 and KAg415
was devoted to the dynamics of the ionic conduction by measuring the spin-lat-

tice relaxation rate 1/T, of both the mobile Ag and the statiomary Rb (or K)

1
ions. The time dependent part of the EFG due to the diffusive motion of Ag
ions (and perhaps other dynamic properties of the crystal) gives rise to the

107Ag and 109Ag nuclei (both with spin

quadrupolar relaxation of 87Rb. The
1/2) relax by means of magnetic interactions. Both relaxation rates can be

analyzed in terms of the Bloembergen-Purcell-Pound (BPP)-type formula
l/Tl = C2y/(vZ + w?)

where C is a measure for the amplitude of the fluctuating fields, w is the
Larmor frequency, and v = voexP(- E/kT) 1s the thermally activated jump fre-
quency of the diffusing Ag ions.

Fig. la shows the temperature dependence of the 87Rb relaxation
rate for different magnetic fields and crystal orientations [16]. As required
by NMR theory two relaxation rates 1/Ti and I/TE were observed. Except for the
"flat" maxima and the critical behavior above Tcl’ the data in the a- and

f-phase could be fitted by a single BPP type formula:

l/Ti = C2vu/(vZ + w?), 1/T; = %-C?-\)/(v2 + 4w?)

with an activation energy of 0.13 + 0.0l eV. One may conclude that the Ag

diffusion is highly isotropic. The y- and &-phase are probably low-conducting



170

D. Brinkmann H.P.A.
T (k]
300 200 150
T T T
asieoT a[ml/fge3s3 "Rb
051697 (M) LH, Lot

w2147 [ 1A,

1000/7 [K ']
T[K]
300 200 150
T T T
Hp=51697
10'F  "Ag

T, [

oL

‘ L T
10 . 2 C C
Background

L 1 1 1 A 1

4 5 6 7 8
1000/ T [K']

Fig. 1. Temperature dependence of the 87Rb (a) and the 109Ag (5)
relaxation rate in RbAg,I_. The dashed lines in (b) represent the various
contributions to 1/T1 as described in the text.
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since here the Rb relaxation rates are much lower than those of the 8- and
a-phase.

Fig. lb shows the temperature dependence of the relaxation rate of
109pg [16]. The resonance frequency itself exhibits a large chemical shift of

- 0.097 with respect to a AgNO, solution. This suggests that the main relax-

ation arises from a variation 2f the anisotropic chemical shift experienced by
the moving Ag ion at different sites. A detailed discussion is given in [16]
and [19]. The full line in Fig. 1lb is the sum of the following contributions:
(i) an estimated temperature-independent rate due to paramagnetic impurities
(""background'"), (ii) BPP-type relaxation with an activation energy

0.13 + 0.01 eV present in the a- and B-phase due to dipolar interaction with
iodine ions, (iii) BPP-type relaxation with an energy of 0.13 eV in the a- and
0.16 eV in the B-phase due to anisotropic chemical shift.

The results are interpreted [16,19] in terms of Funke's "trial and
error'" model [20]. One assumes that the trial and error hopping of an indi-
vidual Ag ion is activated with 0.13 eV and is unaffected by the a-f tran-
sition. If a hop is successful the surrounding lattice will relax. This con-
figurational response which is activated with 0.17 eV influences the population
of the various Ag sites and hence the chemical shift. Thus, the Ag relaxation
reflects both the Ag hopping and the lattice response. Tracer diffusion [21]
and conductivity [22] measurements, however, yield single activation energies:
0.13 eV for the a- and 0.17 eV for the B—ﬁhase.

Further progress in understanding the interdependence of stationary
and mobile ions is brought about by measuring the self-diffusion coefficient
Doy Of the 109Ag ions by the pulsed magnetic field gradient (PMG) method [23].
The results [24] are plotted in Fig. 2 for the Rb- and K-compound together with
tracer data DT for RbAgAI5 from Ref. [21]. Here we only want to discuss the
results i1n terms of the Haven ratio HR = DPMG/DG [25]. D0 is defined by the
Nernst-Einstein relation ¢ = (n e? DO)/kT where ¢ is the d.c conductivity and
n is the number of diffusing ions. For ZSOC, the literature (see Ref. 24)
yields an average value of 25 (2 m)~!. With Do (25°c) = 1.8 x 10710 p2/s
from Fig. 2 one obtains HR(a) = 0.51 for the a-phase. Since ¢ is reduced by a
factor 1.07 at the a - B transition while D decreases by a factor 1.40, the

PMG
Haven ratio in the B-phase becomes HR(B) = 0.39.
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Fig. 2. 109Ag diffusion constants in RbAgal5 and KAgAI5 detarmined

by NMR (D ) and tracer methods (DT).

PMG
These values which are unusually low, may be explained by the''cater-
pillar" effect [26] which consists in a cooperative motion of two or more ions
in such a way that a jumping ion causes other ions to jump in the same direc-
tion. The Haven ratio decreases if the number of ions participating in the
caterpillar effect increases. One thus may conclude that the correlation of Ag
motion in the B-phase is larger than in the a-phase, i.e. the disorder in the

Ag distribution has decreased.

LiAlSiOa (B-eucryptite)

In contrast to RbAgQI5 where diffusion is fairly isotropic, the
quartz-like structure of B-eucryptite favors a pronounced one-dimensional (1D)
character of ionic conductivity [27]. In the channels along the hexagonal
c-axis the Li conductivity is about 103 times larger than that in any directior

perpendicular to the c-axis. We are now concerned with the question to what
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extend NMR parameters such as quadrupolar splittings, linewidths, and relax-

ation times reflect the 1D properties of R-eucryptite.

24L°C

26L°C

L37°C 437°C

Fig. 3. Temperature dependence of ’Li spectra in LiAISiOA.

We start with the discussion of the temperature dependence [28] of
the spectrum of ’Li (with spin 3/2). Up to about 470 K the spectrum (Fig. 3)
represents the superposition of the quadrupolar splittings arising from the
three inequivalent Li sites. The EFG tensors at these sites are nearly tempera-
ture-independent up to 470 K. Above this temperature the satellites start to
merge into a single pair of lines and a single quadrupole splitting results.
The corresponding EFG tensor is axially symmetric (n = 0) with the principal
component sz parallel to the c-axis. This temperature behavior is explained by
assuming a Li lon exchange among all inequivalent Li sites thus averaging the
EFG's "seen" by individual Li nuclei. The fact that jumps between all inequiv-
alent Li sites are involved in the averaging process could be proved by a care-
ful inspection of the intensity ratio of the satellite and central lines in
the averaged spectrum. The theoretical value of 0.75 is verified within 67.
Therefore it was infered that two Li diffusion processes exist: 1D intra-chan-

nel diffusion along the main and the secondary channels and inter-channel
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diffusion via hopping between different channels.

Despite the presence of these diffusion processes a fine structure of
the central signal exists between 100 K and 550 K. It can be shown [29] that
this structure arises from a magnetic dipolar coupling of a linear chain of
7Li nuclei moving in a channel with a constant distance between the nuclei.
Fig. 4 exhibits the spectrum which has been calculated for the central line
assuming a chain of 2, 3 or 4 spins. Dipolar interactions with other spins were
taken into account by convoluting each line of the multiplet with a Gaussian
function. The most important result is the agreement between the calculated
and the measured linewidth. The experimental signal may be interpreted as a
superposition of spectra generated by clusters of cooperatively moving Li 1ons.

The postulated 1D cooperative motion can be checked by measuring the
linewidth of the 7Li central signal as a function of temperature. The results
are taken from [29] and are given in Fig. 5. For the c-axis parallel to the
external field HO the line narrowing occurs in two steps at 450 K and 550 K;
at the "magic angle" only one step (at 450 K) is observed. The narrowing of a
linewidth Av which arises from dipolar interactions can be related to the
correlation time t of the motion causing the narrowing which is in our case
the Li diffusion. In the case of a single process Av is given by [30]

2

Ave = (Av)i +.; (A Y2 tan~ ! (2mat, Av) (1)

RL, 1 1
Here, Avr represents the residual linewidth due to interactions not affected by
diffusion, AvRL is the rigid-lattice linewidth observed in the absence of any

motion, and a is a constant of order unity. 1. 1s identified with the mean

1
residence time of the diffusing ions; a thermal activation according to

TS Tloexp(El/kT) 1s assumed. For a two-step process Eq. (1) is replaced by
Z
AvZ = Avi,l * AvﬁL,l tan_l(Znutlav)
where
=
Avi,l = Avi + " AvéL,Z tan‘l(ZﬂaTZAvr’l)

For c//HO the line narrowing is interpreted as follows. Around 450 K
the cooperative motion of the Li ions in a particular channel averages the

interaction with Li ions belonging to other channels and the interaction with
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Fig. 5. Temperature dependence of the ’Li linewidth in LiAlSiOa.
Al ions. Then, in a second step the breakdown of the cooperative motion around
550 K averages the interaction between Li ions in the same channel. At the
magic angle, however, the dipolar interaction between Li ions of the same chan-
nel vanishes and only the averaging of the two other interactions is observed.
The diffusion proéesses show up also in the relaxation behavior of
the 7Li spins. However, due to the presence of paramagneltlic ilons the analvsis

and theoretical interpretation is quite involved [29].

The crystal structure of Li3N can be considered as a layer structure
with alternately LizN layers (containing the Li(2) positions) and pure Li
layers (with Li(l) positions) perpendicular to the hexagonal c-axis. The Li
ionic conductivity is anisotropic with room temperature values
o = 0.001 (Qm)~! and 0 = 0.12 (2 m)~! parallel and perpendicular to the
c-axis, respectively [31]. Conduction is attributed to a vacancy-induced Li

diffusion process: the presence of (NH)  and (NHZ)— complexes [32] creates Li
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vacancies in the LizN layers with a concentration of the order of 17 around
300 K [33].

We will discuss recent NMR investigations in which the resonances of
both the stationary !“N nuclei (spin 1) and the mobile ®Li (spin 1) and 7Li
(spin 3/2) nuclei were studied. To employ both Li isotopes deepens the insight
and allows a double check of many results. All three resonances are split by
quadrupole interactions. Based on a point-ion model, the EFG tensors at the
two Li sites were calculated [34] and were found to be of the same order of
magnitude as the experimental values thus supporting the conclusions that
Li3N is composed of Li’ and N37 ions [35]. The different signs of the EFG's are
in accord with conclusions drawn from the high-temperature behavior of the 7Li
quadrupole splitting [36]. Lewis and Schwarzenbach [37] have calculated the
EFG's from x-ray data and have refined the parameters of the multipole defor-
mation functions against x-ray and NMR data simultaneously. For the EFG's of
Li(l), Li(2), and N they have obtained the sign combination +-- in agreement
with the point-ion model.

The ion dynamics were studied by measuring the following NMR observ-
ables [36,38]: (i) the second-order quadrupolar shift of the ‘Li central
signal and its strong temperature dependence between 400 and 600 K (Fig. 6),
(ii) the temperature dependence and the extreme angular dependence of the i
(Figs. 7 and 8) and PLi relaxation rates by taking into account different
relaxation mechanisms for the two isotopes, (iii) the self-diffusion coef-
ficient of “Li. The results were interpreted in terms of two diffusion pro-
cesses: inter-layer diffusion parallel to the c-axis and intra-layer diffusion
within the LiZN layers only.

In the inter-layer diffusion process Li ions of sites (1) and (2)
exchange places thus experiencing strongly fluctuating EFG's which cause both
spin-lattice relaxation and the temperature-dependent second-order quadrupolar
shift. It is assumed that the EFG correlation functions decay exponentially
with a correlation time T which is identified with the mean residence time of
the hopping Li ions. To calculate the quadrupolar shift Aw(2) of the “Li cen-
tral signal one starts with an expression derived independently in Ref. [39]

and [40]. Then, as shown in [36], this shift is given by
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Fig. 6. Second-order quadrupolar shift of 7Li in LiBN.
Here, 6 is the angle between the external magnetic field and the c-axis, and
C1 and C2 are the quadrupolar coupling constants C = eQsz/h for the two Li
sites where sz is the principal component of the EFG tensor along the c-axis.
By fitting the experimental data of Fig. 6 by Eq. 2 one obtains the jump rate
1/t which is plotted in Fig. 9.

The spin-lattice relaxation of ’Li caused by the inter-layer dif-
fusion process is given in Fig. 7 by the data points above 420 K. In general,
the 7Li 3/2-spin system relaxes by two relaxation rates R, = 2 W, and

1 1
R2 = 2 Wz where Wl and W, are a measure for the probability of a Am = 1 and

2
Am = 2 transition, respectively. The calculation based on the ion exchange
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process yields [41]

2
_ T - . iz 2 1
Wp = ap (€ 7 G sinTe cosTo T
2

= - 2 wiah 1
Wy =BT O T " W TomE

A fit of these equations to the data of Fig. 8 produces a second set of 1/t

values. A third set has been obtained from an analysis of the ®Li spin-lattice

relaxation rate [36].
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Fig. 7. Rglaxation rate of ’Li in Li3N. o =90°: A 8 MHz,
®,0 34.5 MHz. 6 = 0 : A 34.5 MHz.

Finally, the anisotropic diffusion coefficient of the 7Li nuclei has
been measured by the PMG method [38]. By means of the Einstein relation the
diffusion data yield the jump rate of the diffusing ions which are also plot-
ted in Fig. 9. One notes good agreement between the jump rates obtained from
different sources, in particular, all three sets yield the same activation
energy which has also been found in conductivity measurements [32]. Since the
shift and relaxation data arise from Li(l) and Li(2) exchanges only, one con-

cludes that these jumps between inequivalent sites are the major contribution
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to the diffusion along the c-axis. This contrasts with former x-ray investi-

gations [33] that postulated the dominance of Li(2)-Li(2) jumps. NMR was able
to settle this debate.
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Fig. 8. Angular dependence of ’Li relaxation rate in Li3N.
(a): T =593 K, 9.2 MHz, (b): T = 483 K, 35 MHz.
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LigN

1/T (10°°k™

Fig. 9. Temperature dependence of the correlation rate 1/t of the
Li(1)-Li(2) site exchange motion in Li,N calculated from diffusion ( ),
second-order quadrupolar shift (-.-.-), and spin-lattice relaxation (---)
data of 7Li.
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